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(57) ABSTRACT

A method of manufacturing a semiconductor device, the
method including forming a tunnel 1nsulating layer on an
upper surface ol a substrate, forming gate patterns on an upper
surface of the tunnel insulating layer, forming capping layer
patterns on sidewalls of the gate patterns and on the upper
surface of the tunnel insulating layer, etching a portion of the
tunnel isulating layer that 1s not covered with the gate pat-
terns or the capping layer patterns to form a tunnel insulating
layer pattern, and forming a first insulating layer on the upper
surface of the substrate to cover the gate patterns, the capping
layer patterns, and the tunnel insulating layer pattern, wherein
the first imnsulating layer has an air gap between the capping
layer patterns.

16 Claims, 18 Drawing Sheets
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SEMICONDUCTOR DEVICES AND
METHODS OF MANUFACTURING THE
SEMICONDUCTOR DEVICES

CROSS-RELATED APPLICATION

Korean Patent Application No. 10-2011-0126460, filed on
Nov. 30, 2011, 1n the Korean Intellectual Property Office
(KIPO), and entitled “Semiconductor Devices and Methods
of Manufacturing the Semiconductor Devices,” 1s 1ncorpo-
rated by reference herein 1n 1ts entirety.

BACKGROUND

Embodiments relate to semiconductor devices and meth-
ods of manufacturing the semiconductor devices. More par-
ticularly, embodiments relate to semiconductor device having,

an air gap, and methods of manufacturing the semiconductor
devices.

SUMMARY

Embodiments are directed to a method of manufacturing a
semiconductor device, the method including forming a tunnel
insulating layer on an upper surface of a substrate, forming
gate patterns on an upper surface of the tunnel insulating
layer, forming capping layer patterns on sidewalls of the gate
patterns and on the upper surface of the tunnel insulating
layer, etching a portion of the tunnel insulating layer that 1s
not covered with the gate patterns or the capping layer pat-
terns to form a tunnel 1insulating layer pattern, and forming a
first insulating layer on the upper surface of the substrate to
cover the gate patterns, the capping layer patterns, and the
tunnel insulating layer pattern, wherein the first insulating,
layer has an air gap between the capping layer patterns.

Forming each of the gate patterns may include forming a
floating gate on the upper surface of the tunnel insulating
layer, forming a dielectric layer pattern on an upper surface of
the floating gate, and forming a control gate on an upper
surface of the dielectric layer pattern.

The air gap may have a bottom that 1s lower than the upper
surface of the floating gate of each of the gate patterns.

The air gap may have a bottom that 1s lower than a lower
surface of the floating gate of each of the gate patterns.

The tunnel msulating layer may include a silicon oxide,
and the capping layer patterns may include substantially a
same silicon oxide as the silicon oxide included in the tunnel
insulating layer.

The tunnel nsulating layer may be formed by thermally
oxidizing the substrate, and the capping layer patterns may be
tformed by thermally oxidizing the gate patterns.

The first insulating layer may include at least one selected
from the group of tetra ethyl ortho silicate (TEOS), plasma
enhanced-tetra ethyl ortho silicate (PE-TEOS), and undoped
silicate glass (USG).

The method may further include etching an exposed por-
tion of the substrate, wherein the exposed portion of the
substrate may be exposed by portions of the tunnel insulating
layer pattern that are spaced apart from each other.

The first insulating layer may be formed on upper surfaces
of the capping layer patterns and on upper surfaces of the gate
patterns, and the first insulating layer may overhang the upper
surfaces of the capping layer patterns.

The method may further include removing the capping
layer patterns and a part of the tunnel 1insulating layer pattern
that 1s under the capping layer patterns.

10

15

20

25

30

35

40

45

50

55

60

65

2

The capping layer patterns and the part of the tunnel 1nsu-
lating layer pattern under the capping layer patterns may be

removed using a HF solution or a buifer oxide etchant (BOE)
solution.

The method may further include partially removing the
first mnsulating layer to expose upper portions of the gate
patterns, covering the exposed upper portions of the gate
patterns with a conductive layer, reacting the exposed upper
portions of the gate patterns with the conductive layer to form
a conductive layer pattern, and covering the conductive layer
pattern with a second insulating layer, wherein at least a
portion of a second air gap may be defined by the second
insulating layer and the second air gap may be formed
between the gate patterns.

The second 1nsulating layer may be formed on upper sur-
faces of the conductive layer pattern and on upper surfaces of
the first insulating layer, and a lower portion of the second air
gap may be defined by the first insulating layer and an upper
portion of the second air gap 1s defined by the second 1nsu-
lating layer.

The second 1nsulating layer may be formed on upper sur-
faces of the conductive layer pattern and on upper surfaces of
the first insulating layer, and the second air gap may be
defined only by the second 1nsulating layer.

Embodiments are also directed to a semiconductor device,
including a tunnel isulating layer pattern on an upper surface
ol a substrate, gate patterns on an upper surface of the tunnel
insulating layer pattern, capping layer patterns on sidewalls
of the gate patterns and on the upper surface of the tunnel
insulating layer pattern, and an insulating layer on the upper
surface of the substrate, the gate patterns, the capping layer
patterns, and the tunnel msulating layer pattern, wherein the
insulating layer has an air gap between the capping layer
patterns.

The tunnel insulating layer pattern may have a first portion
that 1s not covered with the gate patterns or the capping layer
patterns, and a second portion that 1s covered with the gate
patterns or the capping layer patterns, and the first portion
may have an upper surface lower than that of the second
portion.

Each of the gate patterns may include a floating gate on the
upper surface of the tunnel insulating layer, a dielectric layer
pattern on an upper surface of the floating gate, and a control
gate on an upper surface of the dielectric layer pattern, and
wherein the air gap may have a bottom that 1s lower than the
upper suriace of the floating gate of each of the gate patterns.

Embodiments are also directed to a semiconductor device,
including gate patterns on an upper surface of a substrate,
cach of the gate patterns including a tloating gate, and a first
insulating layer on the gate patterns, the first insulating layer
defining at least a portion of an air gap that 1s between the gate
patterns, and the air gap having a bottom that 1s lower than a
lower surface of the floating gate of each of the gate patterns.

The semiconductor device may further include a second
insulating layer on the gate patterns, wherein a lower portion
of the air gap may be defined by the first insulating layer and
an upper portion of the air gap may be defined by the second
insulating layer.

The air gap may be defined only by the first insulating layer.

BRIEF DESCRIPTION OF THE DRAWINGS

Features will become apparent to those of ordinary skill in
the art by describing in detail exemplary embodiments with
reference to the attached drawings 1n which:

FIG. 1A 1llustrates a cross-sectional view of a semiconduc-

tor device according to an embodiment;
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FIG. 1B 1llustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment;

FI1G. 2 illustrates a cross-sectional view of a semiconductor
device according to an embodiment;

FIG. 3 A 1llustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment;

FIG. 3B illustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment;

FI1G. 4 1llustrates a cross-sectional view of a semiconductor
device according to an embodiment;

FIG. S A 1llustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment;

FIG. 3B illustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment;

FIGS. 6 to 8, 9A, 9B, 10A, and 10B illustrate cross-sec-
tional views of a method of manufacturing a semiconductor
device according to an embodiment;

FIGS. 11 to 13 1llustrate cross-sectional views ol a method
of manufacturing a semiconductor device according to an
embodiment;

FIGS. 14, 15A, 15B, 16A, and 16B 1llustrate cross-sec-
tional views of a method of manufacturing a semiconductor
device according to an embodiment;

FIGS. 17 to 19 illustrate cross-sectional views of a method
of manufacturing a semiconductor device according to an
embodiment; and

FIGS. 20 to 23, 24A, and 24B 1illustrate cross-sectional
views ol a method of manufacturing a semiconductor device
according to an embodiment.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
hereinafter with reference to the accompanying drawings;
however, they may be embodied in different forms and should
not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully
convey the scope of the invention to those skilled 1n the art.

In the drawing figures, the dimensions of layers and
regions may be exaggerated for clarity of illustration. It waill
be understood that when an element or layer 1s referred to as
being “on,” “connected to” or “coupled to” another element
or layer, 1t can be directly on, connected or coupled to the
other element or layer or intervening elements or layers may
be present. In contrast, when an element 1s referred to as being
“directly on,” “directly connected to” or “directly coupled to™
another element or layer, there are no intervening elements or
layers present. Further, 1t will be understood that when a layer
1s referred to as being “under’” another layer, 1t can be directly
under, and one or more intervening layers may also be
present. In addition, 1t will also be understood that when a
layer 1s referred to as being “between” two layers, 1t can be the
only layer between the two layers, or one or more intervening
layers may also be present. Like reference numerals refer to
like elements throughout.

As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed 1tems.
Expressions such as “at least one of,” when preceding a list of
clements, modity the entire list of elements and do not modity
the 1ndividual elements of the list.

It will be understood that, although the terms first, second,
third etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer and/or section
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from another elements, components, regions, layers and/or
sections. Thus, a first element, component, region, layer and/
or section discussed below could be termed a second element,
component, region, layer and/or section without departing
from the teachings of the present invention.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper’” and the like, may be used herein for
case ol description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass difierent orientations of the
device 1 use or operation in addition to the orientation
depicted 1n the figures. For example, 1f the device in the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above’ the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other ornientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to limat
the embodiments. As used herein, the singular forms “a,” “an”
and “the” are intended to include the plural forms as well,
unless the context clearly indicates otherwise.

Embodiments are described herein with reference to cross-
sectional 1llustrations that are schematic 1llustrations of 1de-
alized embodiments (and intermediate structures). As such,
variations from the shapes of the illustrations as a result, for
example, of manufacturing techmques and/or tolerances, are
to be expected. Thus, embodiments should not be construed
as limited to the particular shapes of regions illustrated herein
but are to include deviations in shapes that result, for example,
from manufacturing. For example, an implanted region 1llus-
trated as a rectangle will, typically, have rounded or curved
features and/or a gradient of implant concentration at 1its
edges rather than a binary change from implanted to non-
implanted region. Likewise, a buried region formed by
implantation may result in some implantation in the region
between the buried region and the surface through which the
implantation takes place. Thus, the regions illustrated in the
figures are schematic 1n nature and their shapes are not
intended to illustrate the actual shape of a region of a device
and are not intended to limit the scope of the present mven-
tion.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be fturther understood
that terms, such as those defined 1n commonly used dictio-
naries, should be imterpreted as having a meaning that 1s
consistent with their meaning 1n the context of the relevant art
and will not be 1nterpreted 1n an 1dealized or overly formal
sense unless expressly so defined herein.

Hereinatter, embodiments will be explained in detail with
reference to the accompanying drawings.

FIG. 1A 1llustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment.

Referring to FIG. 1A, a semiconductor device may include
a tunnel 1nsulating layer pattern 110a, gate patterns 160, and
capping layer patterns 170a. The tunnel insulating layer pat-
tern 110a may be formed on an upper surface of a substrate
100. The gate patterns 160 may be formed on an upper surface
of the tunnel msulating layer pattern 110a. The capping layer
patterns 170a may be formed on sidewalls of the gate patterns
160 and the upper surface of the tunnel insulating layer pat-
tern 110a.
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The substrate 100 may include a semiconductor substrate
such as, e.g., a silicon substrate, a silicon-germanium sub-
strate, a silicon-on-insulator (SOI) substrate, a germanium-
on-nsulator (GOI) substrate, etc. The substrate 100 may be
extended 1n a first direction. The substrate 100 may have an
active region and a field region defined by 1solation layers (not
shown), which may be arranged in a second direction sub-
stantially perpendicular to the first direction.

The tunnel insulating layer pattern 110a may be formed in
the active region of the substrate 100. The tunnel insulating,
layer pattern 110a may include an oxide (e.g., silicon oxide),
an oxynitride (e.g., silicon oxynitride), a silicon oxide doped
with impurities, a material having a low dielectric constant,
etc.

Each of the gate patterns 160 may include a floating gate
125, a dielectric layer pattern 135, a control gate 145, and a
hard mask 155. The floating gate 125 may be formed on the
upper surface of the tunnel insulating layer pattern 110a. The
dielectric layer pattern 135 may be formed on an upper sur-
face of the floating gate 125. The control gate 145 may be
formed on an upper surface o the dielectric layer pattern 135.
The hard mask 155 may be formed on an upper surface of the
control gate 145. The gate patterns 160 may be extended 1n
the first direction. The gate patterns 160 may be used as a
word line of a memory device.

The floating gate 125 may include polysilicon doped with
impurities, or metal having a high work function (e.g., tung-
sten, titanium, cobalt, nickel, etc.).

The dielectric layer pattern 135 may have an oxide/nitride/
oxide (ONO) structure. Alternatively, the dielectric layer pat-
tern 135 may include a metal oxide having a high dielectric
constant. Examples of the metal oxide may include hainium
oxide, titanium oxide, tantalum oxide, zirconium oxide, alu-
minum oxide, etc. These may be used alone or in a combina-
tion thereof.

The control gate 145 may include a polysilicon doped with
impurities, a metal, metal nitride, a metal silicide, etc. The
control gate 145 may have an upper portion doped with poly-
s1licon.

The hard mask 155 may include silicon nitride, silicon
oxynitride, etc.

The capping layer patterns 170a may be formed on the
sidewall of each of the gate patterns 160 and the upper surface
of the tunnel msulating layer pattern 110a. The capping layer
patterns 170a may include silicon oxide that 1s substantially
the same as, or similar to, the material of the tunnel insulating,
layer pattern 110qa. For example, the capping layer patterns
170a may include an atomic layer deposition (ALD) oxide.

Alternatively, a charge-trapping layer pattern, a blocking
layer pattern, and a gate electrode may be sequentially
stacked on the upper surface of the tunnel nsulating layer
pattern 110a 1n place of the each of the floating gate 1235, the
dielectric layer pattern 135, and the control gate 145, respec-
tively.

The tunnel insulating layer pattern 110a may have a first
portion and a second portion. The first portion of the tunnel
insulating layer pattern 110a may not be covered with the gate
patterns 160 and the capping layer patterns 170a. That 1s, the
first portion of the tunnel insulating layer pattern 110aq may be
exposed through the gate patterns 160 and the capping layer
patterns 170a. In contrast with the first portion, the second
portion of the tunnel msulating layer pattern 110a may be
covered with the gate patterns 160 and/or the capping layer
patterns 170a. The first portion of the tunnel insulating layer
pattern 110aq may have an upper surface lower than that of the
second portion of the tunnel insulating layer pattern 110a.
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An msulating layer 180 may be formed on the tunnel 1nsu-
lating layer pattern 110a to cover the gate patterns 160 and the
capping layer patterns 170a. The msulating layer 180 may
include a silicon oxide having low step coverage characteris-
tic such as, e.g., tetra ethyl ortho silicate (TEOS), plasma
enhanced-tetra ethyl ortho silicate (PE-TEOS), undoped sili-
cate glass (USG), etc. Further, the tunnel insulating layer
pattern 110q may i1nclude a matenial having a low dielectric
constant such as, e.g., S1OF, S10C, SiBN, SiBCN, efc.

An air gap 185 may be formed 1n a portion of the insulating
layer 180 between the adjacent capping layer patterns 170aq.
The air gap 185 may have a bottom at least lower than the
upper surface of the floating gate 125. Particularly, the bottom
of the air gap 185 may also be positioned lower than a lower
surface of the floating gate 125. Further, the air gap 185 may
have a top at least higher than a lower surface of the control
gate 1435. Particularly, the top of the air gap 185 may also be
positioned higher than the upper surface of the control gate
145.

The first portion of the tunnel insulating layer pattern 1104,
which may not be covered with the gate patterns 160 and the
capping layer patterns 170aq, may have the upper surface
lower than that of the second portion of the tunnel mnsulating
layer pattern 110a, which may be covered with the gate pat-
terns 160 and the capping layer patterns 170a, so that the
bottom of the air gap 180 may be sufficiently extended
between the adjacent floating gates 125. Thus, a parasitic
capacitance and/or a tunnel coupling may be substantially
prevented between the adjacent floating gates 125.

FIG. 1B illustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment.

The semiconductor device illustrated in FIG. 1B may
include elements substantially the same as those of the semi-
conductor device 1llustrated 1n FIG. 1A. Thus, the same ref-
erence numerals may refer to the same elements and any
turther discussion with respect to the same elements will not
be repeated.

Referring to FI1G. 1B, atunnel insulating layer pattern 1105
may not exist between the capping layer patterns 170a. That
1s, the first portion of the insulating layer pattern 110a i FIG.
1A may be completely removed to form the tunnel insulating,
layer pattern 11056 1n FIG. 1B. Thus, the tunnel insulating
layer pattern 1105 may be 1n portions that are 1solated from
cach other 1n the first direction.

The msulating layer 180a may be formed on the upper
surface of the substrate 100 and the insulating layer 180a may
make contact with the upper surface of the substrate 100. An
air gap 1854 may be formed in the msulating layer 180q
between the capping layer patterns 170a. Therefore, if a space
between the capping layer patterns 170a in FIG. 1B 1s rela-
tively larger than the space between the capping layer patterns
170 in FIG. 1A (by removing the first portion of the tunnel
insulating layer pattern 1108), the air gap 185q 1n the space
between the capping layer patterns 170a may have a size
relatively larger than that of the air gap 185 1n FIG. 1A.

FI1G. 2 1llustrates a cross-sectional view of a semiconductor
device according to an embodiment.

The semiconductor device illustrated in FIG. 2 may
include elements substantially the same as those of the semi-
conductor device 1llustrated in FIG. 1B. Thus, the same ret-
cerence numerals may refer to the same elements and any
turther discussion with respect to the same elements will not
be repeated.

Referring to FIG. 2, an upper portion of a substrate 100 that
1s not be covered with the tunnel insulating layer pattern 1105
may be removed to form a trench 105. An air gap 1855 1n the
insulating layer 1805 between the capping layer patterns
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170a may have a bottom substantially coplanar with the upper
surface of the substrate 100, and thus a parasitic capacitance
and/or a tunnel coupling may not be substantially prevented
between the adjacent floating gates 125.

FI1G. 3 A 1llustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment.

The semiconductor device illustrated in FIG. 3 may
include elements substantially the same as those of the semi-
conductor device 1llustrated in FIG. 1A. Thus, the same ret-
erence numerals may refer to the same elements and any
turther discussion with respect to the same elements will not
be repeated.

Referring to FIG. 3A, an msulating layer 180¢ may be
tormed on the capping layer patterns 172a and the gate pat-
terns 160 to seal the space defined by the adjacent capping
layer patterns 172a and the tunnel insulating layer pattern
110a. That 1s, 11 the insulating layer 180c¢ 1includes a material
having low step coverage characteristic, the msulating layer
180c may overhang the capping layer patterns 172a.

Thus, an air gap 185¢ may be defined by the insulating
layer 180c¢, the capping layer patterns 172a, and the tunnel
isulating layer pattern 110a.

FI1G. 3B illustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment.

The semiconductor device illustrated 1n FIG. 3B may
include elements substantially the same as those of the semi-
conductor device 1llustrated in FIG. 1B. Thus, the same ret-
erence numerals may refer to the same elements and any
turther discussion with respect to the same elements will not
be repeated.

Referring to FIG. 3B, an insulating layer 1804 may be
tormed on the capping layer patterns 172a and the gate pat-
terns 160 to seal the space defined by the adjacent capping
layer patterns 172a and the tunnel insulating layer pattern
1105b. That 1s, 11 the 1insulating layer 1804 includes a material
having low step coverage characteristic, the msulating layer
1804 may overhang the capping layer patterns 172a.

Thus, an air gap 1854 may be defined by the insulating
layer 1804, the capping layer patterns 172a, the tunnel 1nsu-
lating layer pattern 1105, and the substrate 100.

FI1G. 4 1llustrates a cross-sectional view of a semiconductor
device according to an embodiment.

The semiconductor device illustrated in FIG. 4 may
include elements substantially the same as those of the semi-
conductor device illustrated in FIG. 1B. Thus, the same ref-
erence numerals may refer to the same elements and any
turther discussion with respect to the same elements will not
be repeated.

Referring to FIG. 4, the semiconductor device may not
include the capping layer patterns. Thus, a gate structure 177
may be formed on the upper surface of the substrate 100. The
gate structure 177 may include the tunnel msulating layer
pattern 1105, the floating gate 124, the dielectric layer pattern
135, the control gate 145, and the hard mask 155 sequentially
stacked.

An 1nsulating layer 180¢ may be formed on the upper
surface of the substrate 100 to cover the gate structure 177. An
air gap 185¢ may be formed in the mnsulating layer 180e
between the gate structures 177.

FI1G. 5A illustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment.

Referring to FIG. 5A, a gate structure 178 may be formed
on the upper surface of the substrate 100. The gate structure
178 may include a tunnel insulating layer pattern 11056, a
floating gate 125, a dielectric layer pattern 1335, a control gate
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145, and a conductive layer pattern 147. The conductive layer
pattern 147 may include a metal silicide such as, e.g., cobalt
silicide, nickel silicide, etc.

A first msulating layer pattern 182 may be formed on the
upper surface of the substrate 100 to cover sidewalls of the
tunnel insulating layer pattern 1105, the floating gate 125, the
dielectric layer pattern 135, and the control gate 145. A recess
184 may be formed at an upper portion of the first insulating
layer pattern 182 between the gate structures 178.

A second 1nsulating layer 186 may cover an upper suriace
and a sidewall ol the conductive layer pattern 147. Thus, an air
gap 185¢ defined by the first insulating layer pattern 182 and
the second insulating layer pattern 186 may be formed
between the adjacent gate structures 178. That 1s, the air gap
1852 may have an upper portion defined by the second 1nsu-
lating layer pattern 186, and a lower portion defined by the
first insulating layer pattern 182. The lower portion of the air
gap 185¢ may correspond to the recess 184.

The first insulating layer pattern 182 and the second insu-
lating layer pattern 186 may include a silicon oxide having
low step coverage characteristic such as, e.g., TEOS, PE-
TEOS, USQG, etc.

FIG. 5B illustrates a cross-sectional view of a semiconduc-
tor device according to an embodiment.

The semiconductor device illustrated in FIG. 5B may
include elements substantially the same as those of the semi-
conductor device 1llustrated in FIG. SA. Thus, the same ret-
erence numerals may refer to the same elements and any
turther discussion with respect to the same elements will not
be repeated.

Referring to FIG. 5B, a second sulating layer 186a may
cover anupper surface of the first insulating layer pattern 182,
and an upper surface and a sidewall of the conductive layer
pattern 147. Thus, an air gap 1852 may be formed in the
second insulating layer pattern 186a between the adjacent
gate structures 178. That 1s, the air gap 185/ may be defined
by only the second insulating layer pattern 186a (1n contrast
with the air gap 185¢g 1llustrated 1n FIG. 5A).

FIGS. 6 t0o 8, 9A, 9B, 10A, and 10B 1llustrate cross-sec-
tional views of a method of manufacturing the semiconductor
device 1n FIGS. 1A and 1B according to an embodiment.

Reterring to FIG. 6, a tunnel insulating layer 110, a floating,
gate layer 120, a dielectric layer 130, a control gate layer 140,
and a hard mask layer 150 may be sequentially formed on a
substrate 100.

The substrate 100 may include a semiconductor substrate
such as, e.g., a silicon substrate, a germanmium substrate, an
SOI substrate, a GOI substrate, etc. The substrate 100 may
include a well that 1s doped with p-type impurities or n-type
impurities.

The tunnel insulating layer 110 may be formed by a chemi-
cal vapor deposition (CVD) process, a low pressure chemical
vapor deposition (LPCVD) process, a plasma enhanced
chemical vapor deposition (PECVD) process, a spin coating
process, etc., and the proves may use a material having a low
dielectric constant such as, e.g., an oxide (e.g., silicon oxide),
an oxynitride (e.g., silicon oxynitride), a silicon oxide doped
with impurities, a material having a low dielectric constant,
etc.

Alternatively, the tunnel nsulating layer 110 may be
formed by thermally oxidizing the substrate 100.

The floating gate layer 120 may include polysilicon doped
with impurnities. For example, the floating gate layer 120 may
be formed by forming a polysilicon layer on the tunnel 1nsu-
lating layer 110 by a CVD process, an LPCVD process, etc.,
and doping the polysilicon layer with impurities. Alterna-
tively, the floating gate layer 120 may be formed by a physical
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vapor deposition (PVD) process, a sputtering process, an
atomic layer deposition (ALD) process, a CVD process, etc.,
and the process may use a metal having a high work function
such as, e.g., tungsten, titantum, cobalt, nickel, etc.

The dielectric layer 130 may include an ONO structure.
Alternatively, the dielectric layer 130 may include a metal
oxide having a high dielectric constant (e.g., so as to increase
a capacitance and to improve a leakage current characteris-
tic). Examples of the metal oxide may include hatnium oxide,
titanium oxide, tantalum oxide, zirconium oxide, aluminum
oxide, etc. These may be used alone or 1n a combination
thereof.

The control gate layer 140 may be formed by a PVD
process, a sputtering process, an ALD process, a CVD pro-
cess, etc., and the process may use a metal, a metal nitride, a
metal silicide, etc. The control gate layer 140 may have a
stacked structure including a doped polysilicon layer and a
metal layer sequentially stacked. The control gate layer 140
may have an upper portion including polysilicon doped with
impurities.

The hard mask layer 150 may be formed by a CVD process,
a PECVD process, an LPCVD process, a spin coating pro-
cess, etc., and the process may use silicon nitride, silicon
oxynitride, etc.

Alternatively, a charge-trapping layer, a blocking layer and
a gate electrode layer 1n place of the floating gate layer 120,
the dielectric layer 130 and the control gate layer 140, respec-
tively, may be sequentially formed on the tunnel insulating
layer 110.

The charge-trapping layer may include a material capable
of storing charges such as, e.g., anitride (e.g., silicon nitride),
a hainium oxide (e.g., hatnium silicon oxide), etc. The block-
ing layer may include a silicon oxide (e.g., silicon oxide), or
a metal oxide having a high dielectric constant such as, e.g.,
hatnium oxide, titantum oxide, tantalum oxide, zirconium
oxide, aluminum oxide, etc. The gate electrode layer may
include a doped polysilicon, a metal, a metal nitride, a metal
silicide, etc. The gate electrode layer may have an upper
portion including polysilicon doped with impurities.

Additionally, after forming the floating gate 120, a hard
mask layers (not shown) may be formed on the tloating gate
120. The hard mask layers may be extended 1n the first direc-
tion. The hard mask layers may be arranged spaced apart from
cach other 1n the second direction. The tloating gate 120, the
tunnel msulating layer 110, and the substrate 100 may be
ctched using the hard mask layers as an etch mask to form
trenches (not shown) at the upper portion of the substrate 100.
The trenches may be extended in the first direction. The
trenches may be arranged spaced apart from each other 1n the
second direction.

The trenches may be filled with isolation layers (not
shown). The1solation layers may include a silicon oxide (e.g.,
silicon oxide). The isolation layers may define the active
region and the field region of the substrate 100. The tunnel
insulating layer 110 and the floating gate layer 120 1n the
active region may be extended 1n the first direction.

Referring to FIG. 7, the hard mask layer 150, the control
gate layer 140, the dielectric layer 130, and the floating gate
layer 120 may be etched to form a floating gate 125, a dielec-
tric layer pattern 135, a control gate 145, and a hard mask 155
sequentially stacked on the tunnel msulating layer 110.

The hard mask layer 150 may be etched by a photolithog-
raphy process to form the hard mask 1355 on the control gate
layer 140. The control gate layer 140, the dielectric layer 130
and the floating gate layer 120 may be etched using the hard
mask 155 an etch mask. Here, the tunnel insulating layer 110
may not be etched. Thus, the tunnel insulating layer 110 may
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protect the substrate 100. Alternatively, the control gate layer
140 and the dielectric layer 130 may be etched. The floating
gate layer 120 may be etched by a wet etching process ora dry
etching process using an etching solution or an etching gas
having a very low etching selectivity with respect to the
tunnel msulating layer 110 (e.g., a very low etching selectiv-
ity with respect to a silicon oxide). Additionally, the upper
portion of the tunnel insulating layer 110 may be partially
ctched by the etching process. In this case, the first portion of
the tunnel msulating layer 110, which may not be covered
with the floating gate 125, may have a thickness less than that
ol the second portion of the tunnel insulating layer 110, which
may be covered with the floating gate 125.

By the above etching process, gate patterns 160 may be

formed on the tunnel 1nsulating layer 110. Each of the gate
patterns 160 may include the floating gate 125, the dielectric
layer pattern 1335, the control gate 145, and the hard mask 155
sequentially stacked on the tunnel insulating layer 110.
The gate patterns 160 may be spaced apart from each other
in the first direction. The floating gate 123 1n each of the gate
patterns 160 may have an 1solated shape. The dielectric layer
pattern 135 may be formed on the floating gate 1235 and the
isolation layers. The dielectric layer pattern 135 may be
extended in the second direction. The control gate 145 and the
hard mask 155 may be sequentially stacked on the dielectric
layer pattern 135. The control gate 145 and the hard mask 155
may be extended 1n the second direction.

The gate patterns 160 may be used as a word line of a
non-volatile memory device. While two gate patterns 160 are
illustrated 1n FIG. 2, the number of gate patterns 160 may be
a suitable number, e.g., 3 or more. Further, the gate patterns
160 may folln a cell string. Additionally, some of the gate
patterns 160, which may be used as a ground selection line
(GSL) and a string selection line (SSL), may be formed at
both ends of the cell string.

Referring to FI1G. 8, a capping layer 170 may be formed on
the tunnel insulating layer 110 and the gate patterns 160.

The capping layer 170 may have a umiform thickness along,
profiles of the tunnel insulating layer 110 and the gate patterns
160. For example, the capping layer 170 may be formed by a
CVD process, an LPCVD process, a PECVD process, etc.,
and the process may use a silicon oxide (e.g., silicon oxide).
The capping layer 170 may include a silicon oxide substan-
tially the same as, or similar to, the silicon oxide used for
forming the tunnel insulating layer 110. The capping layer
170 may not fully fill the space between the gate patterns 160
by an ALD process.

Alternatively, the capping layer 170 may be formed by
thermally oxidizing the tunnel insulating layer 110 and the
gate patterns 160.

Referring to FIG. 9A, the capping layer 170 may be par-
tially etched to form a capping layer pattern 170a on the
sidewalls of the gate patterns 160 and the upper surface of the
insulating layer 110. The capping layer 170a may be formed
by an anisotropic etching process, an etch-back process, eftc.
Portions of the tunnel insulating layer 110 exposed through
the adjacent capping layer patterns 170a may be etched
together with the capping layer 170 to form a tunnel msulat-
ing layer pattern 110a. The capping layer 170 or the capping
layer pattern 170a may protect the gate patterns 160 during
the etching process to substantially prevent damages of the
gate patterns 160.

The first portion of the tunnel insulating layer pattern 1104,
which may not be covered with the gate patterns 160 and the
capping layer pattern 170a, may have an upper surface lower
than a lower surface of the floating gate 1235.
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Alternatively, referring to FIG. 9B, the first portion of the
tunnel msulating layer 110, which may not be covered with
the gate patterns 160 and the capping layer pattern 170, may
be completely removed to expose the upper surface of the
substrate 100. Thus, the tunnel insulating layer patterns 1105
may have 1solated shapes spaced apart from each other in the
first direction.

Referring to FIG. 10A, an msulating layer 180 may be
formed on the tunnel insulating layer pattern 110a to cover
the gate patterns 160 and the capping layer pattern 170a. The
air gaps 185 may be formed in the insulating layer 180
between the adjacent gate patterns 160, and thus a parasitic
capacitance and/or a tunnel coupling between the control
gates 145 and the floating gates 125 may be reduced, 1.e., a
parasitic capacitance and/or a tunnel coupling between word
lines may be reduced. The air gaps 185 may be arranged
spaced apart from each other 1n the first direction. Each of the
air gaps 185 may be extended 1n the second direction.

The msulating layer 180 may be formed by a CVD process,
a PECVD process, an LPCVD process, etc., and the process
may use a material having low step coverage characteristic so
as to form the air gap 185 between the capping layer patterns
170a. For example, the insulating layer 180 may include a
suitable silicon oxide such as, e.g., TEOS, PE-TEOS, USG,
etc. These may be used alone or 1n a combination thereof.

Alternatively, the insulating layer 180 may be formed
using a material having a dielectric constant lower than that of
silicon oxide, thus reduction of the parasitic capacitance
between the word lines may be achieved. For example, the
material having the low dielectric constant may include S10F,
S10C, S1BN, SiBCN, etc. These may be used alone or 1n a
combination thereof. The air gap 185 may be formed in the
insulating layer 180 between the capping layer patterns 170a
by controlling a temperature and a pressure of a chamber in
the CVD process, the PECVD process or the LPCVD pro-
cess, and partial pressures of oxygen and silicon to provide
the isulating layer 180 with a low bunial characteristic.

The air gap 185 may have a bottom lower than at least the
upper surface of the tloating gate 125. Particularly, the bottom
of the air gap 185 may be lower than the lower surface of the
floating gate 125. Further, the air gap 185 may have a top
higher than at least the lower surface of the control gate 145.
Particularly, the top of the air gap 185 may be higher than the
upper surface of the control gate 145.

Theretfore, the first portion of the tunnel mnsulating layer
110, which may not be covered with the gate patterns 16£0 and
the capping layer patterns 170aq, may be etched to form a
suificiently large space where the air gap 1835 may be to be
formed. As a result, the air gap 185 may be sulficiently
extended 1n the large space to block the parasitic capacitance
between the adjacent floating gates 125.

Referring to FIG. 10B, when the upper surface of the
substrate 100 between the gate patterns 160 1s exposed, an
insulating layer 180a may be formed on the substrate 100 to
cover the gate patterns 160, the capping layer patterns 170a
and the tunnel insulating layer patterns 11056. An air gap 185a
may be formed in the insulating layer 180a between the
adjacent capping layer patterns 170a and the adjacent tunnel
insulating layer patterns 11054. I1 the first portion of the tunnel
insulating layer 110, which may not be covered with the gate
patterns 160 and the capping layer patterns 170a, 1s com-
pletely removed, a sulficiently larger space where the air gap
185a may be formed.

Although not depicted in drawings, the msulating layers
180 and 180aq may be planarized to provide the insulating
layers 180 and 180a with flat upper surfaces. For example, the
planarization process may include a chemical mechanical
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polishing (CMP) process, an etch-back process, etc. A pro-
tecting layer (not shown) may be formed on the planarized
insulating layers 180 and 180a. The protecting layer may
protect the gate patterns 160 1f a bit line, a contact hole, etc.,
1s Tormed at the msulating layers 180 and 180a. The protect-
ing layer may be formed by a CVD process, a PECVD pro-
cess, etc., and the process may use silicon nitride, spin-on-
glass (SOG), etc.

An msulating interlayer (not shown) may cover the pro-
tecting layer and/or the insulating layers 180 and 180a. A bit
line contact (not shown) may be formed through the insulat-
ing interlayer, the protecting layer and the insulating layers
180 and 180q. The bit line contact may make contact with the
substrate 100. A bit line (not shown) may be formed on the
insulating interlayer. The bit line may make contact with the
b1t line contact.

FIGS. 11 to 13 illustrate cross-sectional views of a method
of manufacturing the semiconductor device 1n FI1G. 2 accord-
ing to an embodiment.

Referring to FIG. 11, processes substantially the same as,
or similar to, those 1llustrated with reference to FIGS. 6 to 8,
9A, and 9B may be performed to form a gate structure 175.
The gate structure 175 may include the gate patterns 160, a
capping layer pattern 170a, and the tunnel insulating layer
pattern 1105. The gate patterns 160 may be formed on the
tunnel insulating layer pattern 1105. The capping layer pat-
tern 170a may be formed on the sidewall of the gate patterns
160 and the upper surface of the tunnel mnsulating layer pat-
tern 1105.

Referring to FIG. 12, the substrate 100 may be etched using
the gate structure 175 as an etch mask to form a trench 105.
The etching process may include a wet etching process, a dry
etching process, etc. The etching process may use an etching
solution or an etching gas having an etching selectivity
between the tunnel insulating layer pattern 11056 and the
capping layer pattern 170a, which may include a silicon oxide
(e.g., silicon oxide), and the substrate 100, which may include
a silicon.

Referring to FI1G. 13, a process substantially the same as, or
similar to, that 1llustrated with reference to FIG. 105 may be
performed to form an insulating layer 1805 on the substrate
100 and the gate structures 175. An air gap 1856 may be
formed 1n the insulating layer 18056 between the adjacent gate
structures 175. The trench 105 may form a suiliciently large
space such that the bottom of the air gap 1856 may be
extended. The bottom of the air gap 1856 may be lower than
the lower surface of the tloating gate 125. Thus, the air gap
1856 may substantially block a parasitic capacitance and/or a
tunnel coupling between the adjacent floating gates 125.

The msulating layer 1806 may be planarized. A protecting,
layer (not shown) may be formed on the planarized insulating
layer 18056. An nsulating interlayer (not shown) may cover
the protecting layer and/or the insulating layer 18056. A bit line
contact (not shown) may be formed through the insulating
interlayer, the protecting layer and the msulating layer 1805.
The bit line contact may make contact with the substrate 100.
A bit line (not shown) may be formed on the insulating
interlayer. The bit line may make contact with the bit line
contact.

FIGS. 14, 15A, 15B, 16A, and 16B 1illustrate cross-sec-
tional views of a method of manufacturing the semiconductor
device 1mn FIGS. 3A and 3B according to an embodiment.

Referring to FIG. 14, processes substantially the same as,
or similar to, those 1llustrated with retference to FIGS. 6 to 8 to
form a gate patterns 160 and a capping layer 172. The gate
patterns 160 may be formed on the tunnel msulating layer
110. The capping layer 172 may be formed on the tunnel
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insulating layer 110 to cover the gate patterns 160. The cap-
ping layer 172 may include a matenial substantially the same
as, or similar to, that of the tunnel insulating layer 110.

The capping layer 172 may have a umiform thickness along,
profiles of the tunnel insulating layer 110 and the gate patterns
160. The capping layer 172 may have a thickness greater than
that of the capping layer 170 1n FIG. 8. Further, a trench 172
may be formed 1n the capping layer 172 between the adjacent
gate patterns 160.

Referring to FIG. 15 A, processes substantially the same as,
or similar to, those illustrated with reference to FIG. 9A may
be performed. Thus, the capping layer 172 and the tunnel
insulating layer 110 may be etched to form a capping layer
pattern 172q and a tunnel msulating layer pattern 110a.

An upper portion of the tunnel insulating layer 110 exposed
between the capping layer patterns 172a may be partially
removed to form the tunnel insulating layer pattern 110a.

Referring to FI1G. 15B, processes substantially the same as,
or similar to, those illustrated with reference to FIG. 9B may
be performed. Thus, the capping layer 172 and the tunnel
insulating layer 110 may be etched to form a capping layer
pattern 172a and a tunnel msulating layer pattern 1105.

The tunnel insulating layer 110 exposed between the cap-
ping layer patterns 172a may be completely removed to form
the tunnel insulating layer pattern 1105. Thus, the upper
surface of the substrate 100 may be exposed. Further, the
tunnel insulating layer patterns 1105 may have 1solated
shapes spaced apart {from each other 1n the first direction.

Referring to FIG. 16A, an insulating layer 180¢ may be
formed on the gate patterns 160 and the capping layer patterns
172a to cover the trench 174. Thus, an air gap 185¢ may be
formed 1n the mnsulating layer 180¢ between the capping layer
patterns 172a, and between the tunnel insulating layer pat-
terns 110a.

The msulating layer 180¢ may include an insulating mate-
rial having low step coverage characteristic. Thus, the 1nsu-
lating layer 180¢ may overhang the capping layer patterns
172a. The nsulating layer 180¢ may be formed by a CVD
process, a PECVD process, an LPCVD process, etc., and the
process may use a silicon oxide such as, e.g., TEOS, PE-
TEOS, USQG, efc.

The air gap 185¢ may be defined by the msulating layer
180c¢, the capping layer patterns 172a, and the tunnel insulat-
ing layer patterns 110a. The air gap 185¢ may have a bottom
lower than the lower surface of the floating gate 125, and thus
a parasitic capacitance and/or a tunnel coupling between the
adjacent floating gates 125 may be substantially prevented.

Referring to FIG. 16B, an insulating layer 1804 may be
tormed on the gate patterns 160 and the capping layer patterns
172a to cover the trench 174. Thus, an air gap 1854 may be
tormed 1n the mnsulating layer 180¢ between the capping layer
patterns 172a, and between the tunnel insulating layer pat-
terns 110a.

The msulating layer 1804 may include an insulating mate-
rial having low step coverage characteristic. Thus, the 1nsu-
lating layer 1804 may overhang the capping layer patterns
172a. The insulating layer 1804 may be formed by a CVD
process, a PECVD process, an LPCVD process, etc., and the

[ 1

process may use a silicon oxide such as, e.g., TEOS, PE-
TEOS, USG, eftc.

The air gap 1854 may be defined by the mnsulating layer
1804, the capping layer patterns 172a, the tunnel insulating
layer patterns 1105, and the substrate 100. The air gap 1854
may have a bottom lower than the lower surface of the floating,
gate 125, and thus a parasitic capacitance and/or a tunnel
coupling between the adjacent floating gates 125 may be
substantially prevented.
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The insulating layers 180c and 1804 may be planarized. A
protecting layer (not shown) may be formed on the planarized
insulating layers 180¢c and 1804. An insulating interlayer (not
shown) may cover the protecting layer and/or the insulating
layers 180c¢ and 180d. A bit line contact (not shown) may be
tformed through the msulating interlayer, the protecting layer
and the msulating layers 180c¢ and 180d. The bit line contact
may make contact with the substrate 100. A bit line (not
shown) may be formed on the insulating interlayer. The bit

line may make contact with the bit line contact.

FIGS. 17 to 19 illustrate cross-sectional views of a method
of manufacturing the semiconductor device in FI1G. 4 accord-
ing to an embodiment.

Referring to FIG. 17, processes substantially the same as,
or similar to, those i1llustrated with reference to FIGS. 6 to 8
may be performed to form gate patterns 160 and capping layer
patterns 170a. The gate patterns 160 may be formed on the
tunnel insulating layer patterns 1106. The capping layer pat-
terns 170a may be formed on the sidewalls of the gate patterns
160 and the upper surfaces of the tunnel msulating layer
patterns 1105b.

Referring to FIG. 18, the capping layer patterns 170a and
portions of the tunnel insulating layer patterns 1105 under the
capping layer patterns 170a may be removed. The portions of
the tunnel insulating layer patterns 1105 under the capping
layer patterns 170a may be removed wholly or partially.
Thus, a gate structure 177 may be formed on the substrate
100. The gate structure 177 may include the tunnel insulating
layer patterns 1105, the floating gate 1235, the dielectric layer
pattern 135, the control gate 145, and the hard mask 155.

The capping layer patterns 170a and the portions of the
tunnel 1nsulating layer patterns 1105 may be removed by a
wet etching process using an etching solution having an etch-
ing selectivity with respect to silicon oxide. For example, the
ctching solution may include an HF solution, a BOE solution,
etc.

Referring to FIG. 19, processes substantially the same as,
or similar to, those illustrated with reference to FIGS. 10A
and 10B may be performed to form an insulating layer 180e
on the substrate 100. The insulating layer 180e may cover the
gate structure 177. An air gap 185¢ may be formed 1n the
insulating layer 180e between the adjacent gate structures
177.

Portions of the tunnel insulating layer 110 under the cap-
ping layer patterns 170a between the adjacent gate structures
177 may be removed, and thus the air gap 185¢ may be
suificiently extended downwardly to substantially prevent a
parasitic capacitance and/or a tunnel coupling between the
floating gates 1235 from being generated.

The bottom of the air gap 185¢ may be lower than at least
the upper surface of the floating gate 125. Particularly, the
bottom of the air gap 185¢ may be lower than the lower
surface of the floating gate 125. Further, the air gap 185¢ may
have a top higher than at least the lower surface of the control
gate 145. Particularly, the top of the air gap 185¢ may be
higher than the upper surtace of the control gate 145.

The insulating layer 180e may be planarized. A protecting,
layer (not shown) may be formed on the planarized insulating
layer 180e. An isulating interlayer (not shown) may cover
the protecting layer and/or the insulating layer 180e. A bit line
contact (not shown) may be formed through the insulating
interlayer, the protecting layer and the msulating layer 180e.
The bit line contact may make contact with the substrate 100.
A bit line (not shown) may be formed on the insulating
interlayer. The bit line may make contact with the bit line
contact.
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FIGS. 20 to 23, 24A, and 24B 1illustrate cross-sectional
views ol a method of manufacturing the semiconductor
devices 1mn FIGS. SA and 5B according to an embodiment.

Referring to FIG. 20, processes substantially the same as,
or similar to, those 1llustrated with reference to FI1GS. 17 to 19
may be performed to form gate structures 177 onthe substrate
100. A first insulating layer 180f may be formed on the sub-
strate 100 to cover the gate structures 177. An air gap 185/
may be formed 1n the insulating layer 180/ between the adja-
cent gate structures 177.

Referring to FIG. 21, a portion of the first insulating layer
180/ may be removed by an etch-back process to form a first
insulating layer pattern 182 having an opening configured to
expose the control gate 145. That 1s, the first insulating layer
pattern 182 may be formed on a partial sidewall of the gate
structure 177a (which may have the hard mask 155 removed)
and the upper surface of the substrate 100. The first insulating
layer patterns 182 may cover at least sidewalls of the tunnel
isulating layer patterns 1105, the floating gate 125, and the
dielectric layer pattern 135. Additionally, the first insulating
layer pattern 182 may partially cover a lower sidewall of the
control gate 145. Anupper portion of the control gate 145 may
be doped with polysilicon.

The hard mask 155 may be removed together with the first
insulating layer 180/. Further, a recess 184 may be formed 1n
the first insulating layer pattern 182 between the gate struc-
tures 177a by removing the first insulating layer 1807,

Referring to FIG. 22, a conductive layer 190 may be
formed on the first nsulating layer pattern 182 and the
exposed portions of the control gate 145.

The conductive layer 190 may be formed by a PVD pro-
cess, a sputtering process, an ALD process, etc., and the
process may use a metal such as, e.g., cobalt, nickel, etc.

Referring to FI1G. 23, the exposed portions of the control
gate 145 may be reacted with the conductive layer 190 to form
a conductive layer pattern 147 including a metal silicide. That
1s, the upper exposed portion of the control gate 145 may be
converted into the conductive layer pattern 147. The conduc-
tive layer patterns 147 may be formed by a thermal silicida-
tion process. If the conductive layver 190 includes, for
example, cobalt, the conductive layer pattern 147 may
include cobalt silicide. If the conductive layer 190 includes,
for example, nickel, the conductive layer pattern 147 may
include nickel silicide. During the reaction process, the first
insulating layer pattern 182 may function as a reaction-lim-
iting layer.

If the upper portion of the control gate 143 1s converted 1nto
the conductive layer pattern 147 by the silicidation process,
the control gate 145 may have a lower resistance, and thus a
memory device including the control gate 145 may have
improved operational characteristics.

Non-reacted portions of the conductive layer 190 remain-
ing on the first insulating layer pattern 182 may be removed.
The non-reacted portions of the conductive layer 190 may be
removed by a strip process using a sulfuric acid solution, a
hydrogen peroxide solution, etc., having an etching selectiv-
ity with respect to a metal.

Referring to FIG. 24 A, a second insulating layer 186 may
be formed on the first insulating layer pattern 182 to cover the
conductive layer pattern 147. The second mnsulating layer 186
may be formed on a sidewall and an upper surface of the
conductive layer pattern 147.

The second insulating layer 186 may be formed by a CVD
process, a PECVD process, an LPCVD process, etc., and the
process may use an insulating material having low step cov-
erage characteristic. The second insulating layer 186 may
include a material substantially the same as that of the first
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insulating layer pattern 182. Thus, the second 1nsulating layer
186 may include a silicon oxide such as, e.g., TEOS, PE-
TEOS, USG, etc. Alternatively, the second insulating layer

186 may include a matenal having a low dielectric constant
such as, e.g., SIOF, S10C, SiBN, SIBCN, etc.

After forming the second msulating layer 186, a second air
gap 185g may be formed between the adjacent gate structures
178. That 1s, the second air gap 185¢ may have an upper
portion defined by the second isulating layer 186, and a
lower portion defined by the recess 184 of the first insulating
layer pattern 182.

Reterring to FIG. 24B, a second insulating layer 186a may
be formed on the upper surface of the first mnsulating layer
pattern 182 and an inner surface of the recess 184. Thus, an air
gap 185/ may be formed 1n the second 1nsulating layer 1864.
That 1s, the air gap 185/ may be defined by only the second
insulating layer 186a.

The nsulating layers 186 and 1864 may be planarized. A
protecting layer (not shown) may be formed on the planarized
insulating layers 186 and 186a. An insulating interlayer (not
shown) may cover the protecting layer and/or the insulating
layers 186 and 186a. A bit line contact (not shown) may be
tormed through the msulating interlayer, the protecting layer
and the msulating layers 186 and 186a. The bit line contact
may make contact with the substrate 100. A bit line (not
shown) may be formed on the insulating interlayer. The bit
line may make contact with the bit line contact.

The tunnel msulating layer between the adjacent gate pat-
terns may be removed to form a large space where the air gap
may be to be formed. Thus, the parasitic capacitance between
the adjacent floating gates may be substantially blocked by
the air gap.

By way of summary and review, 1f a semiconductor device
1s highly integrated, a distance between gate structures or
word lines may be reduced. Thus, a parasitic capacitance or a
channel coupling may be generated between the gate struc-
tures or the word lines. This may cause changes of threshold
voltages in the gate structures, so that the semiconductor
device may have relatively poor operational characteristics
and reduced reliability. Therefore, methods of preventing the
parasitic capacitance and/or the channel coupling may be
desirable.

To this end, according to embodiments, an air gap may be
provided between gate patterns. In particular, the air gap may
be formed 1n a relatively large space by removing portions of
the tunnel insulating layer and/or substrate at a location where
the air gap 1s to be formed. As a result, the air gap may have
arelatively large size (e.g., the air gap may have a bottom that
1s lower than the bottom of the floating gates 1n the gate
patterns), and thus a parasitic capacitance and/or a tunnel
coupling between the gate patterns may be substantially pre-
vented.

Example embodiments have been disclosed herein, and
although specific terms are employed, they are used and are to
be interpreted 1n a generic and descriptive sense only and not
for purpose of limitation. In some instances, as would be
apparent to one of ordinary skill in the art as of the filing of the
present application, features, characteristics, and/or elements
described 1n connection with a particular embodiment may be
used singly or 1n combination with features, characteristics,
and/or elements described 1n connection with other embodi-
ments unless otherwise specifically indicated. Accordingly, 1t
will be understood by those of skill 1in the art that various
changes 1n form and details may be made without departing
from the spirit and scope of the present invention as set forth
in the following claims.
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What 1s claimed 1s:

1. A method of manufacturing a semiconductor device, the
method comprising:

forming a tunnel insulating layer on an upper surface of a

substrate;

forming gate patterns on an upper surface of the tunnel

insulating layer;

forming capping layer patterns on sidewalls of the gate

patterns and on the upper surface of the tunnel insulating
layer;

etching a portion of the tunnel isulating layer that 1s not

covered with the gate patterns or the capping layer pat-
terns to form a tunnel 1nsulating layer pattern, wherein
the etching only partially removes the tunnel insulating
layer; and

forming a first insulating layer on the upper surface of the

substrate to cover the gate patterns, the capping layer
patterns, and the tunnel insulating layer pattern, wherein
the first msulating layer has an air gap between the
capping layer patterns.

2. The method as claimed 1n claim 1, wherein forming each
of the gate patterns includes:

forming a tloating gate on the upper surface of the tunnel

insulating layer;

forming a dielectric layer pattern on an upper surface of the

floating gate; and

forming a control gate on an upper surface of the dielectric

layer pattern.

3. The method as claimed 1n claim 2, wherein the air gap
has a bottom that 1s lower than the upper surface of the
floating gate of each of the gate patterns.

4. The method as claimed in claim 2, wherein the air gap
has a bottom that 1s lower than a lower surface of the floating,

gate of each of the gate patterns.

5. The method as claimed 1n claim 1, wherein the tunnel
isulating layer includes a silicon oxide, and the capping
layer patterns include substantially a same silicon oxide as the
s1licon oxide included 1n the tunnel 1insulating layer.

6. The method as claimed in claim 1, wherein the tunnel
insulating layer 1s formed by thermally oxidizing the sub-
strate, and the capping layer patterns are formed by thermally
ox1dizing the gate patterns.

7. The method as claimed 1in claim 1, wherein the first
insulating layer includes at least one selected from the group
of tetra ethyl ortho silicate (TEOS), plasma enhanced-tetra
cthyl ortho silicate (PE-TEOS), and undoped silicate glass
(USG).
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8. The method as claimed in claim 1, wherein the gate
patterns form a cell string.

9. The method as claimed 1n claim 1, wherein the first
isulating layer 1s formed on upper surfaces of the capping
layer patterns and on upper surfaces of the gate patterns, and
the first insulating layer overhangs the upper surfaces of the
capping layer patterns.

10. The method as claimed 1n claim 1, further comprising
removing the capping layer patterns and a part of the tunnel
insulating layer pattern that 1s under the capping layer pat-
terns.

11. The method as claimed 1n claim 10, wherein the cap-
ping layer patterns and the part of the tunnel msulating layer
pattern under the capping layer patterns are removed using a
HF solution or a buffer oxide etchant (BOE) solution.

12. The method as claimed in claim 10, further comprising:

partially removing the first insulating layer to expose upper

portions of the gate patterns;

covering the exposed upper portions of the gate patterns

with a conductive layer;

reacting the exposed upper portions of the gate patterns

with the conductive layer to form a conductive layer
pattern; and

covering the conductive layer pattern with a second insu-

lating layer;

wherein at least a portion of a second air gap 1s defined by

the second 1nsulating layer and the second air gap 1s
formed between the gate patterns.

13. The method as claimed 1n claim 12, wherein:

the second 1nsulating layer 1s formed on upper surfaces of

the conductive layer pattern and on upper surfaces of the
first insulating layer, and

a lower portion of the second air gap 1s defined by the first

insulating layer and an upper portion of the second air
gap 1s defined by the second insulating layer.

14. The method as claimed 1n claim 12, wherein:

the second insulating layer 1s formed on upper surfaces of

the conductive layer pattern and on upper surfaces of the
first insulating layer, and

the second air gap 1s defined only by the second msulating

layer.

15. The method as claimed 1n claim 1, wherein a bottom of
the air gap 1s defined by the first insulating layer.

16. The method as claimed 1n claim 1, wherein the etching
does not completely remove the portion of the tunnel insulat-
ing layer that 1s not covered with the gate patterns or the
capping layer patterns.
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